ABSTRACT A 2-yr Þeld study conducted in Texas to evaluate the effect of several management strategies on the Mexican rice borer, Eoreuma loftini (Dyar), in sugarcane, Saccharum spp. hybrids, showed that irrigation reduced injury in both susceptible (LCP 85Ð384) and resistant (HoCP 85Ð 845) cultivars by 2.5-fold. Cultivar LCP 85Ð384 was more susceptible than HoCP 85Ð 845 based both on injury and moth production. Irrigation, host plant resistance, and insecticide applications of tebufenozide decreased injury from 70% bored internodes to Ͻ10% during both years. The use of multiple control tactics was substantially better at suppressing E. loftini in sugarcane than solely relying on insecticide applications. In addition to accumulations of proline, several free amino acids (histidine and isoleucine) essential for insect growth and development were increased in sugarcane leaves by drought stressed conditions, which exacerbated E. loftini infestations. Modifying the suitability of the crop by reducing water deÞcit stress makes rational irrigation input a key component in the integrated pest management of E. loftini, in addition to other tactics such as cultivar resistance and insecticide application.
THE MEXICAN RICE BORER, Eoreuma loftini (Dyar), which originated from Mexico, has been the dominant insect pest of sugarcane, Saccharum spp. hybrids, in the Lower Rio Grande Valley of Texas since it became established in 1980 (Johnson and van Leerdam 1981) . Eoreuma loftini now represents Ͼ95% of the sugarcane stalk borer population in the Lower Rio Grande Valley (Legaspi et al. 1999a) . By 1989, its range had expanded northeasterly into the rice production area of Texas (Browning et al. 1989) . With E. loftini moths discovered in the sugarcane production area near Beaumont, TX, invasion of Louisiana sugarcane Þelds is expected .
Although applications of insecticides can reduce the percentage of E. loftiniÐ bored internodes, the effect on sugarcane yield has rarely been signiÞcant (Johnson 1985 , Meagher et al. 1994 , Legaspi et al. 1999b , and producers in Texas have discontinued using insecticides (Legaspi et al. 1997 ). Extensive attempts at classical biological control have not resulted in the establishment of effective E. loftini parasitoids (Meagher et al. 1998) . In contrast, the use of cultivar resistance has shown potential to reduce both injury and the production of E. loftini in sugarcane (ReayJones et al. 2003) .
High salt concentrations in soil can enhance E. loftini infestations in some sugarcane cultivars (ReayJones et al. 2003) , but few studies have focused on cultural practices to reduce E. loftini infestations and population pressure. A survey of E. loftini in Texas in 1989 showed an average of 20% bored internodes, with substantial variability among Þelds (3.7Ð39.1% bored internodes for the cultivar NCo 310), and it was suggested that irrigation management practices might explain the variability (Meagher et al. 1993) . Combined with other control tactics, managing host plant stress might assist in reducing E. loftini populations and damage in sugarcane.
Accumulations of host plant free amino acids (FAAs) have been associated in many plants with numerous stresses (Rabe 1994 , Showler 2004 , including drought (Gzik 1996 , Showler 2002 . Accumulated FAAs lower the water potential of cells and may reduce water loss through osmoregulation (Heuer 1994) . In sugarcane, free amino acids are known to increase with nematode infestation (Showler et al. 1990 ), pathogen infection (Singh et al. 1993) , drought stress (Muqing and Ru-Kai 1998) , and salt stress (Joshi and Naik 1980) . The availability of amino acids in host plants is a critical factor in population growth of many insect herbivores (McNeil and Southwood 1978) . When unbound to molecules such as proteins, FAAs do not require proteolysis, thus saving energy for the insect (Helms et al. 1971, Brodbeck and Strong 1987) . Insects can respond to changes in host plant nutritional quality (Rhoades 1983) , and modiÞed nitrogen metabolism under plant stressed conditions can increase insect herbivore populations (White 1984) .
The objectives of this study were to determine the effects of irrigation management, selected cultivars, and insecticide applications on E. loftini injury to sugarcane and ramiÞcations for adult borer populations. Levels of FAAs were measured to identify potential biochemical mechanisms that might be important in these relationships.
Materials and Methods
A 2-yr study was conducted using a split-split plot design at the Texas A&M University Agricultural Research and Extension Station site near Ganado, in Jackson County, TX. Irrigation was assigned to main plots (two replications). Irrigation occurred on 1 May (13.7 cm), 29 May (7.6 cm), and 22 August 2003 (13.7 cm) and on 30 July (13.7 cm) and 26 September 2004 (13.7 cm). Subplot treatments (n ϭ 2 per main plot) consisted of two commercial sugarcane cultivars, LCP 85Ð384 (susceptible to E. loftini) and HoCP 85Ð 845 (resistant to E. loftini) (Reay-Jones et al. 2003 The generalized mixed linear model used for binomial data predicted the probability of a success (i.e., the internode is bored), which is reported for all treatment combinations rather than percentage values. Least square means are presented to account for the varianceÐ covariance structure of the design. ConÞ-dence intervals were more appropriate as estimates of variability about a mean using the generalized mixed linear model because transformed intervals from a logarithm scale to a linear scale were asymmetric, which could not be accounted for with a simple SE value.
The Brix of juice was obtained with a hand-held refractometer from the bottom, middle, and top portions of four stalks from each sub-subplot in the 2004 experiment. Stand counts were also taken in each sub-subplot, and tonnes of sugarcane per hectare were calculated using the average stalk weight. Sugar per tonne was calculated by multiplying the average Brix reading for each stalk by a constant of 5.6 kg/unit of Brix. The method assumes a juice purity of 85% to obtain juice sucrose and a factor of 0.85 to convert juice sucrose to normal juice sucrose. For every unit of normal juice sucrose, a mill should recover Ϸ7.8 kg of sugar. The constant of 5.6 kg/unit of Brix is thereby derived by multiplying 0.85 by 0.85 by 7.8 kg. Sugar yield per hectare was determined by multiplying sugar per tonne of cane by tonnes of sugarcane per hectare. Effects of cultivar, insecticide, and irrigation regimen were tested using a three-way analysis of variance (ANOVA; PROC MIXED; SAS Institute 1999) and the methods of Kenward-Roger (1997) to compute denominator degrees of freedom for the test of Þxed effects for all yield variables.
On 7 June 2003, the third leaf from the apex of sugarcane plants from both irrigation regimens and both cultivars (n ϭ 8 per treatment) was excised, and water potential was measured with a model 610 pressure bomb (PMS Instrument Co., Corvalis, OR). The second sugarcane leaf from the top of the plant was selected at the same time as water potential measurements were taken. Each 1-g leaf tissue sample was homogenized with 10 ml 0.1 N HCl using a Virtishear homogenizer (Virtis, Gardiner, NY). A 5-g homogenate from each sample was placed in separate 10-ml tubes and centrifuged at 10,000 rpm for 30 min. Samples were stored at Ϫ80ЊC. One milliliter of supernatant from each sample was Þltered through a 0.5-l Þlter Þtted to a 5-ml plastic syringe. Samples were placed in the autosampler of an Agilent 1100 Series (Agilent Technologies, Atlanta, GA) reversed-phase high-performance liquid chromatograph (HPLC) with a binary pump delivering solvent A (1.36 g sodium acetate trihydrate ϩ 500 ml puriÞed HPLC grade water ϩ 90 l triethylamine [TEA] ϩ sufÞcient acetic acid to bring the pH to 7.2 Ϯ 0.05 [95% CI]) and solvent B (1.36 g sodium acetate trihydrate ϩ 100 ml puriÞed HPLC grade water [acetic acid added to this mixture to bring the pH to 7.2 Ϯ 0.05; 95% CI] ϩ 200 ml acetonitrile ϩ 200 ml methanol) at 100 and 1.0 ml/min on a Zorbax Eclipse AAA 4.6 by 150-mm 3.5-m column (Agilent Technologies). Absorbances at 262 and 338 nm were monitored on a variable wavelength detector for 48 min/sample. The autosampler measured and mixed 6 l sodium borate buffer (0.4 N, pH 10.2 in water), 1 l 9-ßuorenylmethylchlo-roformate (FMOC), 1 l ophthalaldehyde (OPA) derivitizing agents, and 2 l of sample and injected 2 l for chromatographic separation of FAAs. IdentiÞca-tion and quantiÞcation of 17 derivitized FAAs (alanine, arginine, aspartic acid, cystine, glutamic acid, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tyrosine, and valine) were achieved by calibrating with a standard mixture of amino acids. Peak integration accuracy was enhanced by manual establishment of peak baselines using Agilent software. Water potential and free amino acid concentrations were analyzed using a two-way ANOVA with factors of cultivar and irrigation regimen (PROC MIXED; SAS Institute 1999).
Results
Irrigation signiÞcantly reduced the probability of occurrence of a bored internode by 2.5-fold (0.35Ð 0.14) and moth exit holes/stalk by 2.5-fold (1.0 Ð 0.4) for the average of both cultivars over both years (Table 1; Fig. 1 ). Cultivar LCP 85Ð384 had 1.8 times greater probability of occurrence of a bored internode than HoCP 85Ð 845 (0.30 versus 0.17) and 1.9 times more moth exit holes/stalk (0.88 versus 0.46). Applications of insecticide reduced probability of occurrence of a bored internode 3.1-fold (0.38 Ð 0.12) and moth exit holes/stalk 4.1-fold (1.3Ð 0.3). The probability of occurrence of a bored internode was 1.1-fold higher in 2003 (0.24) than in 2004 (0.22). A signiÞcant interaction was detected between year and irrigation for probability of occurrence of a bored internode and moth exit holes/stalk (Table 1 ). In 2003, irrigation reduced probability of occurrence of a bored internode 3.1-fold (0.38 Ð 0.11), and in 2004, 1.1-fold (0.32Ð 0.18). Similar trends were observed for moth exit holes/stalk, which were reduced by applying irrigation water 3.8-fold in 2003 (1.47Ð 0.39) and 1.7-fold in 2004 (0.69 Ð 0.41). A signiÞcant interaction was detected between year and cultivar for probability of occurrence of a bored internode (Table 1) . From 2003 to 2004, probability of occurrence of a bored internode increased from 0.15 to 0.19 for cultivar HoCP 85Ð 845 but decreased from 0.31 to 0.29 for cultivar LCP 85Ð 384. A signiÞcant interaction was detected between year and insecticide for probability of occurrence of a bored internode and moth exit holes/stalk (Table 1) . In 2003, probability of occurrence of a bored inter- Three-way interactions among irrigation, insecticide, and cultivar were signiÞcant for probability of occurrence of a bored internode and moth exit holes/ stalk (Table 1) . Plots of two-way interactions (data not shown) showed similar patterns for all treatment combinations in direction of responses but not in their magnitude. For cultivar HoCP 85Ð 845, insecticide reduced the probability of occurrence of a bored internode by 2.6-fold in nonirrigated and 4.4-fold in irrigated treatments. For cultivar LCP 85Ð384, insecticide reduced the probability of occurrence of a bored internode by 2.3-fold in nonirrigated and 3.3-fold in irrigated treatments. In nonirrigated treatments, insecticide reduced the probability of occurrence of a bored internode by 2.6-fold in cultivar HoCP 85Ð 845 and 2.3-fold in LCP 85Ð384. In irrigated treatments, insecticide reduced the probability of occurrence of a bored internode by 4.4-fold in cultivar HoCP 85Ð 845 and 3.3-fold in LCP 85Ð384. In untreated plots, cultivar LCP 85Ð384 was 1.5-fold more susceptible in both irrigated and nonirrigated treatments. In treated plots, cultivar LCP 85Ð384 was 1.7-fold more susceptible in nonirrigated and 2.0-fold in irrigated treatments. Similar proÞles were determined for moth exit holes/stalk; however, the interaction was less signiÞcant than the probability of occurrence of a bored internode (Table  1) .
Probability of relative survival of E. loftini larvae was signiÞcantly reduced in insecticide treated plots Free alanine, aspartic acid, glutamic acid, glycine, histidine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tyrosine, and valine were detected in both sugarcane cultivars under both irrigation regimens (Table 2 ). Isoloeucine was found in both cultivars, but only under nonirrigated conditions. Glutamic acid was 1.34-fold more abundant in cultivar LCP 85Ð384 than in HoCP 85Ð 845. Free proline levels were 1.2-fold greater in cultivar HoCP 85Ð 845, which also contained 1.4 times more tyrosine than LCP 85Ð 384. Higher levels of aspartic acid (1.4-fold), histidine (2-fold), isoleucine (from 0 in nonirrigated to 12.8 in irrigated sugarcane), proline (1.2-fold), and serine (1.8-fold) were contained in nonirrigated sugarcane leaves (P Ͻ 0.05). Lower amounts of leucine (1.6-fold), methionine (14-fold), and tyrosine (1.5-fold) were found in nonirrigated sugarcane leaves (P Ͻ 0.05).
SigniÞcant interactions were detected between cultivar stress for 10 FAAs, the sum of essential FAAs, and total FAAs (Table 2) . Levels of alanine, aspartic acid, glycine, leucine, lysine, serine, threonine, tyrosine, the sum of essential FAAs, and total FAAs increased in nonirrigated plots in cultivar LCP 85Ð384 but decreased in HoCP 85Ð 845. Levels of histidine and proline both increased in nonirrigated sugarcane leaves; however, the increase was more pronounced in cultivar LCP 85Ð384 than in HoCP 85Ð 845.
Applying irrigation water signiÞcantly increased the height of sugarcane stalks from 74.7 Ϯ 4.0 to 101.6 Ϯ 4.0 cm (F ϭ 20.06; df ϭ 1,2; P ϭ 0.046) over both years. In 2004, sugarcane yield showed a strong trend for being lower in the nonirrigated treatment (26.0 Ϯ 6.1 tonnes/ha) compared with the irrigated treatment (51.0 Ϯ 6.1 tonnes/ha; F ϭ 8.33; df ϭ 1,2; P ϭ 0.102). Similar observations were made for theoretical kilograms of recoverable sugar per hectare (2448.3 Ϯ 537.7 in nonirrigated plots and 5122.4 Ϯ 537.7 in irrigated plots; F ϭ 12.37; df ϭ 1,2; P ϭ 0.072). Cultivar LCP 85Ð384 had a lower sugarcane yield (34.1 Ϯ 4.5 tonnes/ ha) than HoCP 85Ð 845 (42.9 Ϯ 4.5 tonnes/ha; F ϭ 14.40; df ϭ 1,22; P ϭ 0.001). Estimated kilograms of recoverable sugar per hectare were also lower in cultivar LCP 85Ð384 (3406.5 Ϯ 406.7 kg/ha) than in HoCP 85Ð 845 (4164.2 Ϯ 406.7 kg/ha; F ϭ 6.89; df ϭ 1,22; P ϭ 0.015). Higher theoretical kilograms of recoverable sugar per hectare were observed from insecticidetreated (4036.5 Ϯ 406.7 kg/ha) compared with untreated treatments (3534.2 Ϯ 406.7 kg/ha); however, the difference was not signiÞcant (F ϭ 3.03; df ϭ 1,22; P ϭ 0.096).
Discussion
Irrigation reduced the probability of a bored internode by 2.5-fold, and in combination with fortnightly insecticide applications, achieved the best E. loftini control for both susceptible (LCP 85Ð384) and resistant (HoCP 85Ð 845) cultivars. Together with trends for reduced sugarcane yield and estimated recoverable sugar per hectare under nonirrigated conditions, our results indicate the value of using irrigation to better manage E. loftini in sugarcane. Nonirrigated sugarcane plants were signiÞcantly shorter than irrigated plants in both years and had a signiÞcantly higher water potential in June 2003. A water deÞcit stress occurs when insufÞcient water is present in the plantÕs environment. An appropriate term to qualify the state of nonirrigated sugarcane was therefore water stressed. Stress can be deÞned at the whole plant level as environmental conditions that limit the rate of dry-matter biomass of at least one component of vegetation below its genetic potential (Grime 1979) . Irrigated plots in our study received sufÞcient water to preclude being qualiÞed as water stressed. The decision to apply irrigation water was based on a combination of observed stress symptoms as previously veriÞed with the pressure bomb and rainfall patterns. (White 1980) . The irrigation regimen was assigned to the main plots in our experiment to minimize movement of water between plots. Because more degrees of freedom are associated with estimates of experimental error for subplot and sub-subplot effects, main plot effects are not as precisely estimated. The irrigation regimen had such a strong inßuence on E. loftini injury and the number of moth exit holes per stalk that signiÞcant differences were detected despite the low number of degrees of freedom. However, yield components in 2004 (sugarcane and theoretical recoverable sugar per hectare) were not signiÞcantly affected by irrigation, even though strong trends were observed (P ϭ 0.1). 1 Sum of concentrations of arginine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, and valine.
As shown in previous work (Reay-Jones et al. 2003) , cultivar LCP 85Ð384 is more susceptible to E. loftini than HoCP 85Ð 845 based both on probability of a bored internode and moth emergence holes per stalk. The differences in moth emergence holes would be further exacerbated when considering stand counts from the Louisiana sugarcane industry to determine moth production per hectare, because LCP 85Ð384 has a substantially higher stalk density than HoCP 85Ð 845 (Orgeron et al. 2003) . Adult emergence holes represent a seasonal record of moth production from sugarcane and might assist in choosing a cultivar that would suppress E. loftini populations on an areawide basis. Reduced pest injury in individual Þelds is a desired goal when choosing a resistant cultivar. An equally valuable attribute is reducing pest populations over large geographical areas, which provides more of a long-term management solution. Implementation of cultural practices can be valuable in achieving this goal.
Applications of tebufenozide reduced injury and moth emergence holes per stalk in both cultivars. However, our study did not show an increase in yield (sugarcane and theoretical recoverable sugar per hectare) during the second year when four subsamples were assessed with the refractometer. In a previous study, tebufenozide showed potential for control of E. loftini with applications carefully timed in a small plot test , but a separate Þeld experiment did not detect effects on yield or juice quality (tonnes of sugarcane and sugar per hectare) (Legaspi et al. 1999b) . Weekly applications of other insecticides (i.e., monocrotophos, azinphosmethyl, carbofuran) also reduced the percentage of E. loftiniÐ bored internodes, but signiÞcant effects on yield were not detected (Johnson 1985 , Meagher et al. 1994 , Legaspi et al. 1999b , further indicating the exceptionally high variability involving sugarcane yield studies. Tebufenozide is less toxic than the pyrethroid cyßuthrin to the E. loftini parasitoid Allorhogas pyralophagus Marsh (Legaspi et al. 1999b) , and it has a substantially reduced impact on nontarget arthropods in comparison to the pyrethroids lambda-cyhalothrin, esfenvalerate, and cyßuthrin used to control D. saccharalis in Louisiana .
The life stage of E. loftini targeted for chemical control is the neonate larva, which disperses from dry leaves where the eggs are deposited to green parts of the plant (van Leerdam et al. 1986 ). The difÞculty of applying pesticides to foliage in the lower parts of sugarcane, combined with the narrow window during which larvae are exposed, diminishes the commercial effectiveness of insecticides. Our use of a backpack sprayer enhanced coverage and enabled insecticides to be applied low on the plant. Unfortunately, aerial application normally is not similarly effective at reaching this area of the plant (Hutchins and Pitre 1985) . Sugarcane growers in Louisiana currently make one to three insecticide applications annually against D. saccharalis. Because a greater frequency of applications is needed to reduce E. loftini infestations (Johnson 1985 , Meagher et al. 1994 , Legaspi et al. 1999b ), seven applications of tebufenozide on a fortnightly basis were used in our study in an attempt to achieve adequate control. The need for alternate control tactics for E. loftini will arise once the pest becomes established in Louisiana sugarcane.
Because water potential recorded on 25 June 2003 was higher in nonirrigated plots only by a small margin (1.25 bar), total FAA levels were not signiÞcantly increased with this treatment; however, drought stress effects were detected for several FAAs in sugarcane, including free proline, which has previously been shown to be an indicator of water deÞcit stress (Showler 2002) . Discontinuance of daily watering of sugarcane in greenhouse pots for 12 d increased levels of proline by 2.5-fold (Muqing and Ru-Kai 1998) . Other types of stress have also increased levels of free proline in sugarcane leaves 1.6-fold (salt stress) (Joshi and Naik 1980) , 6.2-fold (Colletotrichum falcatum Went infection) (Singh et al. 1993) , and 1.2-fold (iron cholorosis) (Jain and Shrivastava 2003) . When plants are subject to dehydration, the accumulation of free proline lowers the water potential of the cells and thus reduces water loss by osmoregulation (Heuer 1994) . Free proline levels also increase under drought stress in sugar beets, Beta vulgaris L., by 12-fold (Gzik 1996) and in cotton, Gossypium hirsutum L., by 58-fold (Showler and Moran 2003) . Free proline seems to be the most widespread and consistent amino acid that responds to drought stress (Aspinall and Paleg 1981) . Proline biosynthesis is thought to be regulated by ⌬Õ-pyrroline-5-carboxylate synthetase, which undergoes feedback inhibition by accumulation of proline (Delauney and Verma 1993) , but under water stress, this feedback is lost (Boggess et al. 1976a) . A major pathway of proline biosynthesis is thought to emanate from glutamic acid derived from carbohydrates (Boggess et al. 1976b) . Glutamic acid levels were lower in the resistant cultivar HoCP 85Ð 845, which also had higher levels of proline. This cultivar may have more efÞcient proline metabolism involving glutamic acid which may render the plant more tolerant to drought stress.
Certain amino acids are known to be essential for insect development (Vanderzant 1958 , Nation 2002 . ArtiÞcial diets with amino acid concentrations simulating that found in anthers were adequate for survival and development of the tobacco budworm, Heliothis virescens (F.) (Hedin et al. 1991) . FAAs can elicit electrophysiological responses of the sensilla of Helicoverpa armigera (Hü bner), Spodoptera littoralis (Boisduval), and the adult tobacco budworm (Blaney and Simmonds 1988) . Positive correlations have been established between FAA levels in phloem sap of wheat and barley and the rate of population increase of the bird cherry oat aphid, Rhopalosiphum padi L. (Weibull 1987) . Similar observations were made with the cabbage aphid Brevicoryne brassica L. and Brassica species (Cole 1997) . Fecundity of R. padi was also correlated to FAA levels in wheat phloem (Kazemi and van Emden 1992) . Despite differences in feeding behavior, similar responses may be expected with herbivores of other guilds, as suggested by White (1984) , including leaf and stem borers such as E. loftini. Environmental conditions that cause accumulations of FAAs in plants can sometimes increase the suitability of these plants to insect herbivores. The plant stress hypothesis postulates that outbreaks of insect herbivores occur under plant stress conditions because of the increased nutritional value of the host plant, mainly because of an increase in available nitrogen (White 1984) . Drought stress did not affect the sum of FAAs in our study, but some FAAs (histidine and isoleucine) essential for insect growth and development increased under drought stress in both cultivars, which might have affected E. loftini infestations and adult emergence. Reducing plant stress with irrigation may assist in managing E. loftini in sugarcane by decreasing the nutritional value of the crop for this insect.
A balance of control tactics is nearly always a recommended approach to achieve a greater permanency in IPM programs (Luckmann and Metcalf 1994) . Several control tactics (plant resistance, insecticides, and arthropod predation) have been shown to be effective in reducing infestations and areawide populations of D. saccharalis in Louisiana sugarcane (Bessin et al. 1990 (Bessin et al. , 1991 . Growers currently achieve adequate control using insecticides without a widespread use of resistant cultivars (Rodriguez et al. 2001) . However, there is concern regarding the potential for insecticide resistance . Our study, preempting the anticipated need for management of E. loftini in Louisiana, has showed the need to employ multiple practices to achieve sufÞ-cient levels of control and population reduction on sugarcane. No single management tactic was effective alone in controlling E. loftini infestations. Under such high pest pressure, the efÞciency of the management tactics increased when used in combination, as indicated by the signiÞcant three-way interaction between cultivar, irrigation, and insecticide use for E. loftini injury and moth exit holes per stalk. In commercial practice, growers in Texas can irrigate sugarcane, which seems to reduce their E. loftini injury. In contrast, the majority of Louisiana growers are not able to irrigate, and extended periods of drought in recent years have produced conditions that could aggravate E. loftini infestations. Therefore, a combination of control strategies will be necessary for farmers to achieve adequate control when the insect becomes established in the Louisiana sugarcane agroecosystem.
